Introduction: The effect of glycemic control on wound healing in patients with diabetic foot ulcers (DFUs) is inconsistent among different studies. This study was performed to investigate the association between level of hemoglobin A1c (HbA1c) at baseline as well as during treatment and wound healing and mortality in patients with DFU. Methods: Hospitalized DFU patients were recruited consecutively with their basic clinical data collected and treated according to clinical practice guidelines. These patients were followed-up for 1 year to observe the outcomes, including ulcer healing and death. The associations between baseline HbA1c level or mean HbA1c level during treatment and wound healing as well as mortality were evaluated in univariate and multivariate logistic regression models.
INTRODUCTION
Diabetic foot ulcer (DFU) is one of the most common complications of diabetes with an estimated lifetime incidence of 15-25% in the population with diabetes [1] . Considerable advances regarding the mechanism and management of DFU have been achieved over the past several decades [2] [3] [4] ; however, the therapeutic efficacy of these medical measures is still unsatisfactory. Moreover, DFU remains a serious challenge for public health because of the high amputation rate and high mortality.
Hyperglycemia and many other related factors, such as micro-and macrovascular complications, were illustrated as possible mechanisms that prevent the ulcers from wound healing [5, 6] . Blood glucose management is therefore considered a basic component of the treatment of wound healing in DFU patients. Only a few studies have focused on the control of blood glucose and the healing of DFU. Previous clinical studies showed no significant association between baseline HbA1c and wound healing [7, 8] . However, recent research detected that, for those patients with baseline HbA1c \ 7.5%, a rise in HbA1c during treatment was associated with an increased chance of wound healing [8] .
Patients with DFU are often documented to suffer from many concomitant diseases, which heightens the need for careful management based on blood glucose control. Emerging evidence showed that lower or higher levels of blood glucose may be linked to the increase of death [9, 10] , in addition to the delay of wound healing. In the present study, we compared wound healing and mortality among our DFU patients according to the baseline HbA1c or mean HbA1c during treatment.
METHODS

Study Population
Hospitalized patients with DFU in our department from January 2013 to December 2016 were consecutively recruited into our study. Exclusion criteria included (1) grade 5 wounds according to the Wagner ulcer classification system which required major amputation, (2) patients with persistent severe heart failure (NYHA class IV), (3) chronic diseases at end stage which deteriorated gradually and the condition could not be improved, e.g., uremia, decompensated cirrhosis, terminal malignant tumors, (4) patients with type1 diabetes, (5) non-compliant patients.
All procedures performed in studies involving human participants were in accordance with the institutional review board of Ruijin Hospital affiliated to the Shanghai Jiao Tong University School of Medicine and with the 1964 Helsinki Declaration and its later amendments. Written informed consent was obtained from each enrolled patient.
Clinical Characteristics Collection
All the enrolled patients were interviewed on admission for medical history collection, including type and duration of diabetes mellitus, duration of DFU, smoking status, therapeutic regimen for diabetes, previous history of foot ulcer and amputation, presence of comorbidities (hypertension, coronary heart disease, stroke). Fasting venous blood was drawn in 24 h for measurement of white blood cell count, HbA1c, total cholesterol, LDL-cholesterol, HDLcholesterol, triglycerides, serum albumin, and serum creatinine. Value of eGFR was calculated according to the MDRD equation for Chinese based on age, sex, and serum creatinine [11] .
The first HbA1c value after admission was defined as baseline HbA1c. HbA1c was measured every 3 months according to standard care of glycemic management, and HbA1c measurement was repeated at the endpoint. Mean HbA1c during treatment was defined as the average of all HbA1c values after baseline HbA1c.
Peripheral arterial disease was diagnosed if any two of the following cases occurred [12] : (1) disappearance of two or more peripheral pulses; (2) significant artery stenoses of a lower limb reported by Doppler ultrasound, the peak systolic velocity ratio at the site of the stenosis and the adjacent normal artery greater than or equal to 2.5 [13] ; (3) angiogram showed lower limb artery occlusion or a reduction over 50% of lumen diameter.
In the current study, peripheral neuropathy was diagnosed by a combination of neuropathic symptoms and signs with abnormal result of the 10-g monofilament test or vibration test using a 128-Hz tuning fork [14] . Hypertension was confirmed by blood pressure in excess of 140/90 mmHg or history of antihypertensive medicine use [15] . History of coronary heart disease was ascertained from medical records, including ischemic heart disease accompanied by abnormal electrocardiogram or stress test, myocardial infarction with obvious abnormalities in electrocardiogram and plasma enzyme testing, or any medical procedures for coronary revascularization [16] . Similarly, previous stroke was confirmed from medical records related to ischemic or hemorrhagic stroke, regardless of whether the patient had recovered or not [16] .
Wound Severity Assessment and Intervention
All ulcers were assessed on admission. The extent of an ulcer was graded according to Wagner's classification [17] . Ulcer was characterized as infected when two or more of the following items were met: (1) local swelling or induration; (2) erythema; (3) local tenderness or pain; (4) local warmth; (5) purulent discharge. According to the Infectious Disease Society of America classification system [18] , which was easy for clinicians to use owing to clear definitions and relatively fewer categories, infection severity was further classified into mild, moderate, and severe.
For infected ulcers, the antibiotic usage strictly complied with the clinical practice guideline from the Infectious Diseases Society of America [18] . Wound intervention included wound care, debridement, and minor amputation. Other treatment included control of blood glucose, off-loading, local antimicrobial dressings, vacuum-assisted closure, and improvement of main organ function if needed.
Outcomes and Follow-Up
The outcomes were ulcer healing and death. Ulcer healing was defined as complete epithelialization which is maintained with no drainage for at least 2 weeks. The whole observation period lasted for 1 year; follow-up would terminate in advance if the patient died. For patients who continue to receive treatment given by our department's medical team, follow-up was done twice a week during clinic visits for dressing change. If any signs of moderate to severe infection were observed, readmission would be considered. For patients who continued their treatment at other institution, information about outcome was obtained by contacting patients or their relatives every month by telephone.
Statistical Analysis
The data were analyzed using SAS 9.3 (SAS Institute, Cary, NC) statistical software. Continuous variables were reported as mean ± standard deviation (SD) or median (interquartile ranges) depending on normality while the categorical variables were expressed as frequency (percentage). Variables with a skewed distribution were log10-transformed to achieve a normal distribution. We used linear regression analysis and Cochran-Armitage trend chisquare to test for trends across HbA1c quartiles for continuous variables and categorical variables, respectively. The associations between baseline HbA1c level or mean HbA1c level during treatment and wound healing as well as mortality rate were evaluated in univariate and multivariate logistic regression models. The accumulated healing rates and death rates in different groups were plotted as Kaplan-Meier curves, and we used the log-rank test to make comparisons. All statistical tests were performed two-sided at a significance level of 0.05.
RESULTS
Baseline Characteristics and Follow-Up Outcome
In total, 298 participants were recruited in this study, 69.5% of whom were male. The clinical characteristics of the patients at study inclusion are summarized both overall and stratified by baseline HbA1c level in Table 1 . Subjects in the current study had a long duration of diabetes accompanied by unsatisfactory glycemic control and an extremely high prevalence of neuropathy and peripheral artery disease. Patients with higher baseline HbA1c level tended to be younger, had shorter duration of foot ulcer, lower serum albumin level, higher eGFR, and more severe infection (all P \ 0.05). However, there was no significant difference in BMI, duration of diabetes, proportion of insulin use, prevalence of comorbidities, and distribution of Wagner grade among the four groups.
During the 1-year follow-up period, 40 individuals (13.4%) died, among them 24 from cardiac and cerebral vascular events, 6 as a result of uncontrolled sepsis, 5 after multiple organ dysfunction, 5 from cancer. In the remaining 258 living patients, 168 (65.1%) achieved ulcer healing.
Baseline HbA1c and Ulcer Healing
Baseline HbA1c measurements among the 258 living patients were categorized as quartiles (B 7.0%, 7.1-8.0%, 8.1-9.0%, [ 9.0%). The prevalence of ulcer healing for each quartile was similar as shown in the Kaplan-Meier curve (P [ 0.05) (Fig. 1a) . Univariate logistic regression analysis also showed no significant increase in incidence of ulcer healing in the three higher quartiles compared with the reference group (baseline HbA1c B 7%). Furthermore, no relationship between baseline HbA1c and ulcer healing was detected (P [ 0.05), after adjusting for a series of confounders.
Mean HbA1c During Treatment and Ulcer Healing
As displayed in Table 2 , univariate analyses of data from the 258 surviving participants did not show any association between mean HbA1c during treatment and ulcer healing (P [ 0.05), similarly to the result of the log-rank test (P [ 0.05) (Fig. 1b) . There was no significant difference in ulcer healing rate among the four groups stratified by mean HbA1c during treatment, after adjusting for age, sex, and BMI (model 1) or further adjusting for Wagner grade, degree of infection, previous history of amputation, and peripheral neuropathy (model 2). However, when adjusting for more confounders in model 3, the second quartile (7.0% \ mean HbA1c B 8.0%) exhibited a greater chance of ulcer healing compared with the reference group (mean HbA1c B 7.0%), with odds ratio of 2.01 (95% CI 1.02-3.96, P \ 0.05). But a similar association did not appear in the higher quartiles.
Then, subgroup analysis was performed further stratified by baseline HbA1c level of B 8.0% and [ 8.0%. Table 3 shows the association of mean HbA1c during treatment and ulcer healing in patients with baseline HbA1c B 8.0%. As all of the mean HbA1c values during treatment were lower than 9.0% in this subgroup, the HbA1c measurements were categorized as tertiles (B 7.0%, 7.1-8.0%, [ 8.0%). Those with an average HbA1c between 7% and 8% during treatment manifested a 2.48 times SBP systolic blood pressure, DBP diastolic blood pressure, CHD coronary heart disease, DPN diabetic peripheral neuropathy, PAD peripheral artery disease, TC total cholesterol, LDL-C low density lipoprotein cholesterol higher probability of ulcer healing (P = 0.01), compared with reference group (mean HbA1c B 7.0%). Whereas, there was no significant difference in chance of ulcer healing between the highest tertile and the reference group (P [ 0.05). After adjustment for a series of confounders, the chance for ulcer healing in the middle tertile was augmented, whereas the chance for ulcer healing did not change significantly in the highest tertile. However, in the subgroup with baseline HbA1c [ 8.0%, no significant relationship between mean HbA1c during treatment and ulcer healing was observed in any of the models (all P [ 0.05). According to unadjusted or adjusted analysis, the healing rate of ulcers was not lower in higher HbA1c groups compared to the HbA1c B 7.0% group during the follow-up period.
Baseline HbA1c or Mean HbA1c and Death
There was no significant difference in accumulated death rates for 1 year among different HbA1c categories stratified by baseline HbA1c or mean HbA1c during treatment (P [ 0.05) (Fig. 2) . In addition, results from the log-rank test also did not show a significant difference in healing rate trend over time among the four groups stratified by baseline HbA1c or mean HbA1c during treatment (all p [ 0.05) (Figs. 1c,  d) .
In other words, no correlation was revealed between baseline HbA1c or average HbA1c during treatment and the mortality within 1 year.
DISCUSSION
According to our analysis, a level of HbA1c that ranged from 7.0% to 8.0% during treatment would be more helpful for wound healing in DFU patients than other levels. It seemed that there was no association between baseline HbA1c levels and ulcer healing, but better baseline HbA1c level would benefit wound healing if the HbA1c is maintained between 7.0% and 8.0% during treatment. No significant increase or decrease of the mortality was indicated among different HbA1c control levels. Consistent with previous literature, for patients with baseline HbA1c \ 7.0%, elevated HbA1c during treatment was associated with accelerated wound healing [8] , indicating that a slightly higher glycemic level was better for wound healing in DFU patients. Although previous studies have suggested that lower baseline HbA1c level correlates with advanced wound healing [19] , most studies noted that baseline HbA1c level was not associated with lower extremity wound healing in patients with diabetes. When baseline HbA1c was divided into \ 6.5%, 6.5-8.0%, [ 8.0%, as described by Fesseha et al. [8] , initial blood glucose level displayed no relationship with wound healing, based on the analysis using different adjusted models. A similar outcome was obtained in our investigation. By baseline HbA1c data analysis, not grouped, another study showed that HbA1c at study inclusion did not predict the risk of delayed healing among a pooled analysis of 586 subjects with neuropathic DFU [20] .
DFU was characterized by poor healing outcome and hyperglycemia was identified as the culprit of impaired wound healing. Pre-existing diabetic angiopathy and neuropathy resulting from previous exposure to hyperglycemia have been recognized as the major causes of delayed wound healing. Besides, current exposure to hyperglycemia is also linked to impaired wound healing processes. Plenty of evidence showed that hyperglycemia-related advanced glycation end-products play a crucial role in disturbing the normal wound healing process, with underlying mechanisms like raised oxidative stress, altered cellular proliferation and apoptosis, and altered interaction between cell and extracellular matrix [5, 21] .
The existence of foot ulcers attracts more attention to hyperglycemia. However, ideal blood glucose targets could not be easily achieved, considering many uncontrolled factors like infection, other concomitant diseases, etc. These may be found in the baseline characteristics of study patients in our study or the studies referred to above. After work by multidisciplinary team, modifiable factors like infection and organ dysfunctions were managed. Blood glucose should be controlled at a reasonable level, not only for the wound healing but also for the whole body.
Only a few studies focused on the benefit of blood glucose control to wound healing during the DFU treatment. Research by Fesseha et al. [8] showed that increase of HbA1c during the treatment compared to admission was associated with a hazard ratio (HR) of nearly 2 for wound healing in DFU patients with baseline HbA1c \ 7.5%, while no associated benefit was observed for DFU patients with baseline HbA1c over 7.5%. For the purpose of wound healing, this demands that blood glucose be controlled at higher levels if the initial HbA1c value is less than 7.5%. In our study, HbA1c controlled within 7.0-8.0% during DFU treatment is beneficial for wound healing; this advantage was even more evident in DFU patients with baseline HbA1c less than 8.0%. Additionally, in contrast to those with HbA1c controlled at less than 7%, the wound healing rate was almost the same or slightly better in DFU patients with HbA1c higher than 8.0% during DFU treatment.
Tight blood glucose control characterized by lower HbA1c level often leads to more frequent episodes of hypoglycemia as some large clinical trials demonstrated [22, 23] . For elderly diabetic patients with long diabetes duration, such as patients with DFU, fluctuation of blood glucose is relatively more prevalent [24] . In general, mortality rate increases as the glycemic level elevates for patients with diabetes. However, the mortality pattern was different in various disease statuses of diabetes. For older patients with diabetes, mortality risk was significantly higher in those with an HbA1c [ 8.0% compared with those with an HbA1c \ 6.5% [25] . For patients with diabetes and chronic kidney disease, a U-shaped relationship between HbA1c and mortality was observed; HbA1c \ 6.0% and C 9.0% were associated with higher risk of death [26] . Patients suffering from DFU, which is believed to be the advanced stage of diabetes, are clearly different from ordinary diabetic patients. The association between HbA1c and mortality may be unique in patients with DFU. There was still no relevant study focused on the association of blood glucose level and mortality in the population with DFU. According to our results of 1-year follow-up, mortality was not associate significantly with glycemic control level.
Several limitations of our study should not be neglected. First, this is a single-center observational study; all participants were enrolled from one hospital, leading to inevitable selection bias. Second, subjects enrolled in this study were hospitalized patients with relatively worse conditions. Clinical patients with minor wounds and better general conditions were not included; thus, the results cannot be extended to the general population with diabetic foot ulcers. Third, the follow-up period was not long enough, so that it is impossible to observe more long-term outcomes. In spite of these shortcomings, our study still reflects the relationship of glycemic control and outcomes in such a specific population with severe DFU and poor general condition. Therefore, the importance of this study should not be negated.
CONCLUSIONS
In summary, there was no difference in wound healing rate among groups of different baseline HbA1c levels, but good control of blood glucose at baseline would be beneficial if future HbA1c could be controlled reasonably. Slightly higher levels of HbA1c within 7.0-8.0% during treatment were associated with higher ulcer healing rate in patients with DFU, particularly for those with better glycemic control at baseline. Besides, in contrast to HbA1c less than 7.0%, the wound healing rate under the condition of HbA1c higher than 8.0% during DFU treatment was almost the same or a little better. These results suggested that HbA1c should be maintained higher than 7.0% for the glycemic control of DFU patients, and the best range for HbA1c should be within 7.0-8.0%. Meanwhile, we did not observe elevated mortality among lower or higher glycemic level groups. These results about the influence of reasonable blood glucose control should be further verified with large-sample, multicenter clinic trials.
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